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We sought to establish a method for preparing an atomically clean surface of sapphire (Al 2 O 3 (0001)) using non-contact atomic force microscopy (NC-AFM). Repeated iterations of Ar + sputtering and annealing are generally required to prepare a clean surface of TiO 2 (110) or other metal oxides. In the case of Al 2 O 3 (0001), however, we were able to achieve a periodic pattern of the Al 2 Keywords: sapphire, Al 2 O 3 (0001), non-contact atomic force microscopy, unit cell
Introduction
Sapphire (Al 2 O 3 (0001)) is one of the most important ceramic materials in various fields, where it is used as an electronic device substrate, electric insulator, abrasive, and so on. One of the reasons for the wide applicability of Al 2 O 3 (0001) is its superior performance and highly desirable properties, including heat resistance, thermal conductivity, excellent electrical insulation, corrosion resistance, biocompatibility, chemical stability, high melting point, and mechanical toughness. For example, the Al 2 O 3 (0001) substrate has been used for the growth of wide-gap semiconductors. 1) In addition, an Al 2 O 3 (0001) surface with a step-and-terrace structure has been realized and imaged with atomic force microscopy (AFM) in an atmosphere of air.
2) Since the quality of thin films grown on the Al 2 O 3 (0001) substrate depends on the flatness of the surface as well as the lattice mismatch, atomic scale analysis of Al 2 O 3 would be expected to deepen our understanding of the the thin film characterizations. Studies using a low energy electron diffraction (LEED) method under an ultra high vacuum (UHV) condition have revealed that the annealing temperature decided reconstructed structures of the Al 2 O 3 surface. 35) With respect to atomic level analysis in real space, a study using transmission electron microscopy has shown the behaviors of yttrium atoms in the grain boundary of Al 2 O 3 .
6)
Experiments using non-contact AFM (NC-AFM) 7, 8) 
Sample Preparation Method and Experimental Conditions
Since the Al 2 O 3 (0001) is stable mechanically and chemically, we needed to determine appropriate treatments for realizing a clean surface. First, we prepared a Al 2 O 3 (0001) surface that exhibited a step-and-terrace structure in an air atmosphere. Then we performed processes to realize an atomically clean surface under a UHV. It is known that a step-and-terrace structure of Al 2 O 3 (0001) can be obtained by burning the sample using an electric furnace under an atmosphere of air.
2) The condition of the step-and-terrace surface will then depend on the temperature and the duration of burning. At present, a Al 2 O 3 (0001) substrate with a stepand-terrace surface is commercially available. However, in order to maintain the reproducibility of the step-and-terrace Al 2 O 3 (0001) structure, we did not use the commercial stepand-terrace Al 2 O 3 (0001) substrates. At the first stage, we implemented polishing the surface of the commercial Al 2 O 3 (0001) substrate because we found that polishing just before the burning in an electric furnace was critical to realize an atomically clean surface. Although commercial Al 2 O 3 (0001) samples are already mirror-polished, sometimes tiny polishing flaws and/or surface contaminants result in a bumpy surface after the burning (no image data in the manuscript). To polish the surface, we used colloidal silica of 40 nm diameter (Allied, 180-25015) and a polishing cloth (Buehler, MicroCloth) followed by repeated ultrasonic cleaning with ultra-pure water and acetone. In this process, nanometer-size contaminants and flaws were removed. To realize the step-and-terrace structure, we burned the Al 2 O 3 (0001) at 1200°C for 12 h with an electric furnace. The burned Al 2 O 3 (0001) was introduced into the load lock chamber of the UHV NC-AFM as quickly as possible to avoid contamination and water adsorbed on the Al 2 O 3 (0001) surface under the air atmosphere condition. The load lock chamber was vacuum-sucked at high vacuum and then baked at about 100°C for more than 12 h in order to establish the UHV condition. To generate an atomically clean Al 2 O 3 (0001) surface under a UHV, we performed repeated Ar + sputtering (1.5 keV at 1 © 10 ¹4 Pa) and annealing (1200°C, 15 min) of the Al 2 O 3 (0001) surface. The repetition of the Ar + sputtering and annealing processes has been well established as the standard method to achieve an atomically clean surface of metal oxides. 5) This method has been employed in NC-AFM and STM studies of the TiO 2 (110) surface.
2129) The sample annealing was carefully demonstrated by keeping the vacuum pressure at ³10 ¹8 Pa. Since the Al 2 O 3 (0001) is highly insulative, direct electric heating of the sample was not possible as it was in the case of doped TiO 2 (110). We flowed a current in a 10 µm tungsten film for sample annealing. The film was put on the back side of the Al 2 O 3 (0001) sample and held with another Al 2 O 3 (0001) substrate. The sample temperature was monitored with a radiation thermometer (Japan Sensor Corporation, FTZ6) and controlled using a data acquisition board (National Instruments, PCI-7833R) and a home-made computer program. During the annealing process, we increased the current until the sample temperature was 1200°C, and then maintained this current for 15 min. The treated Al 2 O 3 (0001) samples were transferred into the NC-AFM observation chamber, and in-situ measurements were performed.
The NC-AFM system used here was built in our laboratories and operated under a UHV (< 1 © 10 ¹8 Pa) at room temperature. 30) Three different chambers for NC-AFM observation, sample preparation, and load lock (sample and tip introduction) were included in our NC-AFM system. The frequency modulation technique 31) was used for force detection acting on the AFM tip. A commercial cantilever (Budget Sensors, TAP190) with resonance frequency and stiffness of f 0 µ 155170 kHz and k = 3137 N/m was used for obtaining NC-AFM topographic images. The amplitude of the cantilever oscillation was about 20 nm. The deflection of the cantilevers was detected using an optical interferometer. Bias voltage was applied to the sample with respect to the grounded tip in order to compensate for the contact potential difference (CPD). NC-AFM imaging was performed in the constant frequency shift ¦f (topographic) mode, where feedback electronics controls the AFM tipsample surface distance to keep a preset ¦f. Figure 1 shows NC-AFM topographic images of the Al 2 O 3 (0001) surface obtained using different preparation conditions under a UHV. In Figs. 1(a) and (b), no treatment was performed on the surface except for the 12-hour baking when we introduced the sample into the load lock chamber. Although a step-and-terrace structure was obtained as shown in Fig. 1(a) , an atomic-size periodic pattern was not seen from the images of small scan size ( Fig. 1(b) ). The existence of surface defects and/or contaminants resulted in the absence of a periodic pattern even after a long-period burn under the air atmosphere condition. Iterations of the Ar + sputtering and annealing improved the surface condition, just as done for the TiO 2 surface. 28, 29) However, it should be noted that, even when just a single iteration of the Ar + sputtering and annealing was performed, a periodic pattern emerged, as in Fig. (c) and (d) were required to obtain a clear surface. 28, 29) The repeated process of Ar + sputtering and annealing removed the surface layers having defects and contaminants. The requirement of different sputtering conditions between the two surfaces indicated that the surface layers of Al 2 O 3 (0001) had fewer defects and contaminants. This is consistent with the intrinsic difference in chemical stability between the two materials.
Results and Discussion
Further repetition of the Ar + sputtering and annealing removed the surface contaminants and produced a clean surface. In Figs. (e) and (f ) of Fig. 1 , five and ten cycles of the sputtering and annealing were processed, respectively. The unit cells of ffiffiffiffiffi 31 p Â ffiffiffiffiffi 31 p are clearly imaged while imaged unit cells have different hights. This comes from defects existing in the unit cell. The difference in image contrast between (e) and (f ) was caused by the difference of the tip apex structure and composition. 32, 33) Figure 2(a) shows an NC-AFM topographic image in the region of a single atomic step. On both the upper and the lower terraces, the ffiffiffiffiffi 31 p Â ffiffiffiffiffi 31 p unit cells are imaged. Comparing the patterns composed of the unit cells, we can see that the direction of the rows of the unit cell between the lower and the upper terraces was different by about 20°. This difference was identical to that reported previously. 20) In Fig. 2(b) , we changed the image contrast to emphasize the ffiffiffiffiffi 31 p Â ffiffiffiffiffi 31 p pattern of both the lower and the upper terraces. Interestingly, when comparing the upper and the lower terrace, we observed a difference in the image contrast of the unit cell patterns. In the atomic resolution measurements of the NC-AFM, the change of the tip apex caused a different image contrast. 32) In the case of Fig. 2 , however, since we obtained different trajectories on the respective terraces, the tip apex did not change during the scan. The other possible cause is a change of the CPD on the different terraces. In the high spatial resolution imaging, we owe the atomic resolution to the short-range force known as the bonding-force. Longrange forces such as the electrostatic force and van der Waals force cause low resolution images. 34) Since the van der Waals force depends on the radius of the tip apex curvature, 35) it is not likely to happen the tip-curvature change at step edge in each scan line. This means that this contrast change is likely the effect of the electrostatic force. At present, we consider that the 20°difference in the unit cell pattern between the lower and upper unit cells shown in Figs. 2 is somehow related to the CPD. We considered that Kelvin Probe Force microscopy might be used to investigate this possibility, but unfortunately the large distance between the tip and electrode behind the Al 2 O 3 (0001) sample prevented us from performing such an analysis.
As mentioned above in Fig. 1 (e) and (f ), a difference in the tip apex structure and/or composition can induce a difference in image contrast. 32, 33) Figure 3 (a) shows contrast change of the NC-AFM topographic image during the scan. A contrast change occurred at the dashed line, causing the difference in contrast between Figs. (e) and (f ) in Fig. 1 . In the lower part of Fig. 3(a) , a local bright spot was imaged in each unit cell (arrow). Under this tip apex condition, we were able to move the tip closer to the surface to achieve higher resolution imaging. Single atoms in the unit cells were clearly resolved in the topographic image in Fig. 3(b) and (c). We found that single atoms were gathered in one local area in each unit cell. The gathered atoms corresponded to the bright spot in Fig. 3(a) . Since cycles of sputtering and annealing metal oxide surface under the UHV condition induce reduction of oxygen atoms, the imaged atoms could be aluminum stoichiometrically. The numbers and positions of the imaged single atoms in the unit cells were not identical. Defects in the unit cell still existed in spite of the repeated sputtering and annealing. In the other local part, no single atoms were imaged. Differences in the surface atom height and/or reactivity also affect the image contrast NC-AFM. 36) Or visibility of the surface atoms with the NC-AFM depends on the tip apex condition. 21, 28) In our studies using NC-AFM 15, 16) Since changes in ¦f are imaged in the constant height mode, the patterns of the image do not always reflect the topographic structure. In the topographic mode measurements previously reported, 17) the detailed structure of the unit cell was not imaged. Topographic mode images, however, provide more information, such as the height difference of the neighboring atoms. Comparing the wellstudied Si(111)-(7 © 7) surface on which one can image single atoms in the unit cell, 37) one can find a difficulty for imaging the Al 2 O 3 (0001) surface with the topographic mode. One possible difficulty is that the smaller distances between in-plane surface atoms may make it hard to resolve atoms of the Al 2 O 3 (0001). The distance between in-plane aluminum atoms is 0.27 nm, versus 0.77 nm for the Si(111)-(7 © 7) adatoms. On the same Si surface, resolving single atoms of a dimer of a Si(001)-(2 © 1) surface is difficult using the NC-AFM system, because the distance between the dimer atoms is quite small (about 0.29 nm experimentally). 38) This tendency is also seen in the case of many NC-AFM measurements such as TiO 2 (110). 28, 29) For imaging structures in greater detail, we need to determine the proper measurement conditions, such as the ideal tip apex material, oscillation amplitude, cantilever spring constant, and so on.
Summary
We investigated the preparation process for realizing an atomically clean surface of Al 2 O 3 (0001) using non-contact atomic force microscopy (NC-AFM) with atomic resolution. We found that a small number of cycles of Ar + sputtering and annealing was sufficient to realize a clean Al 2 
